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In the  past few  years  methods  have  been  devised
in  several  laboratories  for  preparation  of  empty
cell  segments  from  skeletal  muscle  (1-4).  It  is  of
considerable  interest  to  improve  the  technique  of
sarcolemmal  preparation,  both  to  speed  up  the
process  and  to  increase  the yield  while mild  con-
ditions  are  used.  Decreasing  the time of prepara-
tion would  be of great  significance  in  determining
enzymic  and  chemical composition  of the tubules.
If the mechanism  of the process  were understood,
it  would  allow  new  approaches  in  development
of improved methods  of preparation.  McCollester
and  Semente  (5)  have  invoked  the  concept  of a
cytoskeletal  which  protects  contractile  proteins
from  the  solubilizing  action  of water  and  which
must  be  broken  down  before  these  proteins  be-
come  accessible  to  water  and  extractable.  The
cytoskeletal  most  likely  would  consist  of  sarco-
plasmic  reticulum  and  Z-membrane  network.
Their  evidence  led  them  to  conclude  that  the
restriction  on  water  solubility  did  not  reside  in
the contractile  proteins per  se.
In  our  laboratory  we  previously  showed  that
aging  of  whole,  excised  breast  muscle  of  the
domestic  chicken  aided  in  producing  empty
muscle cell segments  (4). One of the major changes
which  occurs  in  muscle  upon  aging  is  loss  of
ATP. Concomitant  with this  loss of ATP  is  a  loss
of  extensibility  which  is  usually  regarded  as
being  due  to  the  formation  of linkages  between
F-actin  and myosin.  It is known  that ATP causes
dissociation  of  actomyosin  and  that  actin  is  not
readily  extracted  except  in  combination  with
myosin  (6).  Aging  of  minced  muscle  leads  to  a
greater  yield  of actomyosin  (7).  In  the  work  re-
ported  here,  we  have  examined  the  state  of the
contractile  proteins  as  related  to  the  emptying  of
muscle cell segments.
The  basic  procedure  which  we  used  to produce
empty  cell  segments  and  the  methods  used  to
evaluate  emptying  have  been  described  (4).  It
consisted  of  homogenization  in  0.5  mM  CaC12,
four  washes  in  25  m  NaCl-2.5  mM  histidine,
pH  7.4,  and  extraction  in  water  buffered  to  pH
7.5  with Tris.  The  percentage  of empty  cells  was
determined  by counting  the  full and emptied  cell
segments  with  the  low  power  objective  of  a light
microscope.  At  least  50  fields  were  counted  for
every  sample.  Partially  emptied  segments  were
considered  to  be not empty.  There  was no  corre-
lation  between  length  of  segment  and  ability  to
empty;  therefore,  counts  were  made  without
regard  to  size.  The  percentage  of empty  cells  was
calculated  by  dividing  the  number  of  empty
segments  by  the  sum  of the  full  and empty  seg-
ments  and  multiplying  by  100.  Counts  were
made  directly  on  the extract  without  isolation  of
the cell  segments.  It is felt that this method repre-
sents  a  truer  picture  of emptying  than  does  the
method  of isolating  the  empty segments  since,  in
C1FIGURE  1  Relationship  of  emptying
of  muscle  cell  segments  to  actomyo-
sin  content  of  muscle.  After  homog-
enization  and  washing  with  a  solu-
tion  of 25  mM  NaCI  and  .5  mM  his-
tidine  (pH  7.4),  one-half  of  the
sample was  treated  to produce  empty
cell  segments,  and  actomyosin  was
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the  isolation  procedure,  either  empty  or  full  seg-
ments  may  be  preferentially  removed.  Variations
employed to give  a wide range in extent of empty-
ing  included  changes  in  CaCl 2 concentrations  in
the  homogenizing  medium,  number  of  washes
with  NaCl-histidine  solution,  substitution  of
water  for  CaCl 2 and  NaCl-histidine  solutions  in
the above,  the employment  of an  incubation  step,
time  of aging,  and  quick freezing  in  liquid nitro-
gen  followed  by  thawing  to  induce  "thaw  rigor"
(8)  which  would  be  expected  to  reduce  ATP
levels  (9).  We compared the percentage  of empty-
ing  obtained  with  the  determination  of  crude
"actomyosin,"  as  described  by  Weinberg  and
Rose  (10).  This  determination  involved  extrac-
tion with  KC1  solution buffered  at  pH  7.5 with a
final ionic strength  of 0.6. The actomyosin fraction
was  precipitated  by  dilution  with  water  to  an
ionic strength of 0.225. The  term  actomyosin  uied
to  describe  this  fraction  is  a  useful  shorthand
which  does not  indicate  the complexities  involved
(11).  There  is  no  doubt  that  this  crude  protein
fraction  contains  many  substances  other  than
actomyosin.  However,  to  be  able  to  perform  the
determinations  rapidly  so  that  a  quantitative
estimate could  be made and recoveries  calculated,
the  once-precipitated  fraction  was  used.  It  is
reasonable  to  assume  that  an  increase  in  this
actomyosin  fraction  represented  an  increase  in
actin-myosin  binding.  This  was  supported  by  an
observed  increase in relative  viscosity with increas-
determined  on  the other  half.
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ing content  of  actomyosin.  Crude  myosin was  re-
moved  after  further  dilution  to  an  ionic  strength
of 0.05.  After  centrifugation the protein content of
both  the  actomyosin  and  myosin  fractions  was
determined  by  a  biuret  procedure  (12).  Extrac-
tion  of  the  contractile  proteins  with  the  strong
salt  solutions  in  the  classical  manner  was  per-
formed  at  the same  time  that the  sample  was  to
be  extracted  with  water,  viz.  the  muscle  cell
segment  sample,  after  homogenization  and  the
washing  procedures,  was  divided in  two,  one-half
extracted  with  water  to  obtain  empty  cell  seg-
ments,  the  other half with buffered  0.6  M KC  to
extract  the  contractile  proteins.  This  is  an  im-
portant  point  since,  if  actomyosin  is  determined
on  the  original  muscle,  the  correlation  shown
below is  not seen.
In  Fig.  1  is  shown  the  percentage  of  empty
muscle  cell  segments  as  a  function  of  actomyosin
content at  time of emptying.  After  a certain mini-
mal  level  of  actomyosin  is  reached,  there  is
roughly  a  linear  correlation  between  actomyosin
content  and  emptying.  The  yield  of actomyosin
was  similar to that  found by  other  workers  using
this  method  (13),  and  recovery  of  protein  from
the  various  fractions  was  100  5%.  Since  the
actomyosin  determinations  were  performed  under
an  entirely  different  set  of extracting  conditions
than  the  emptying,  the  two  sets  of  data  do  not
merely  reflect  two  measures  of  the  same  phe-
nomenon.  The  question  arises  as  to  whether  the
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FTABLE  I
Correlation  of Per Cent Emptying with  Total Extracted
Protein of Muscle Cell Segments and Actomyosin
Empty  segments  Total  protein  Actomyosin
%  mg/g fresh  weight  muscle
81  25.2  16.0
13  23.1  6.5
61  32.7  20.9
29  29.0  9.3
73  25.9  16.8
53  21.1  13.3
0  26.0  7.7
0  19.8  4.8
0  23.6  5.9
42  27.8  11.3
30  37.3  11.1
41  23.3  9.2
38  26.1  11.2
78  28.8  18.1
Each  set  of figures represents  the  average  of dupli-
cate assays performed on each  sample.
The correlation  coefficient between  total protein
and  per cent empty  segments  is  +0.25 which  is not
significant  (P > 0.3), while that between  actomyo-
sin  and per  cent empty segments  is  +0.91  which  is
highly  significant  (P <  0.001).
TABLE  II
Level of Polyvalent Cations Necessary to Inhibit Emptying
Concentration  to com-
Cation  pletely  inhibit  emptying
mM
Mg+2  10
Ca
+ 2 5
Mn+2  0.5
Spermidine  I
Spermine  0.2
After  homogenization and  washing with  a solution
of 25  mM  NaCI and 2.5  mM  histidine  (pH 7.4),  the
muscle  cell  segments  were  exposed  to  solutions  of
polyvalent  cations  (all  as  chloride  salts)  before
emptying  with Tris-buffered  water  (pH  7.5).  The
levels  shown  are  those  which  would  completely
inhibit  subsequent  emptying.
extraction  with  high  salt  is  really  measuring  an
increase  in  formation  of  actomyosin  or  is  simply
an  indication  of better  extraction  from  the  sam-
ples which display greater  emptying  on treatment
with  water.  If  the  former  is  correct,  we  should
find a constant  amount  of protein extracted from
the  segments  with  the  high salt  solutions  regard-
less of the extent of empty cell segments  produced
by  the water extraction.  If the high  salt extraction
measures  simply  the  ease  of extractability  of the
segments,  then  the  total  protein  extracted  should
be  related  to  the  percentage  emptying.  Results
showing  both the total protein and the actomyosin
extracted  as  well  as  the  percentage  of empty  cell
segments  are  given  in  Table  I.  The  correlation
coefficient  of actomyosin  and  emptying  is  +0.91
and  is  very  highly  significant  (P  <  0.001).  The
correlation  coefficient  between  total  protein  and
emptying  is  +0.25  which  is  not  significant  (P  >
0.3).  It  appears  then that  the data showing  corre-
lation  of  emptying  with  actomyosin  content  are
due  to  an  increase  in  formation  of the  complex
and  not  to  increased  protein  extractability.  No
correlation  was  observed  between  myosin  and
emptying  (correlation  coefficient  =  -0.35).
Contrary  to  the  results  of  McCollester  and
Semente  (5),  our results indicated  that  CaC12 was
just  as  effective  in  promoting  emptying  when
added  to  the  muscle  segments  after  homogeniza-
tion  even  in  the  absence  of  HCO3-.  Washing
with  NaCl-histidine  solution  was  found  to  be
absolutely  essential  for  producing  empty cell  seg-
ments.  If it were  not  done,  there  was no  correla-
tion  between  actomyosin  and  emptying.  The
actomyosin content  might be high, but the  muscle
would  not empty.
The  correlation  between  salt-extractable  acto-
myosin  and  emptying  of  muscle  cell  segments
produced  by  extraction  at  very  low  salt  concen-
trations  (<1  mM  Tris)  indicates  that  actomyosin
is  water-soluble  under  the conditions  of prepara-
tion  used.  Highly  purified  actomyosin  is  not
soluble  in  water.  It  is  possible,  however,  that  in
crude  preparations  other  factors  might  be  in-
volved.  It  must  be  remembered  that,  in  the
phenomenon  of  emptying,  the  total  cellular
contents are removed en masse,  and that actomyo-
sin  might  retain  its  association  with  other  com-
ponents  of the  cell.  An indication  that  this indeed
might  be  the  case  was  observed  when  we  found
an  increase  in  soluble  protein  (not  sedimented  at
150,000  g  for  15  min),  at  an  ionic  strength  of
0.001,  from less  than 20 to  more than  80% of the
total  by  dilution  of a crude  preparation  of  acto-
myosin  from  4  mg  protein/ml  to  0.5  mg/ml.
This  effect  of dilution  was  not  observed  with  a
thrice-precipitated  actomyosin  preparation.  Pre-
sumably,  some  contaminants  of the  crude  prepa-
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actomyosin.  The  requirement  for  a  low  concen-
tration  of  protein  before  the  crude  actomyosin
becomes  "soluble"  probably  explains  why  it  is
necessary  to  extract the muscle  cell  segments  in  a
large  volume  of  Tris-buffered  water  (2,  4).  In
our  procedure  (4),  we  ordinarily  obtain  a  maxi-
mal  actomyosin  content  of 0.4  mg/ml.
We  also  found  that  emptying  of  muscle  cell
segments  brought to  the  point of emptying  could
be  prevented  by  the  addition  of  several  poly-
valent  cations  added  as the  chloride  salts.  Some
of  these  are  given  in  Table  II.  The  aliphatic
polyamines,  spermine and spermidine,  are natural
constituents  of muscle  tissue.  The  levels  of these
compounds  which  inhibited  emptying  were
comparable  to  those  which  inhibit  myofibrillar
ATPase  and  actomyosin  ATPase  (14).  Sodium
and potassium  ions did  not give  this effect  which
was  entirely  reversible,  viz.  the  effect  of  the
added  cations could  be negated  by  further  wash-
ing with  NaCl-histidine  solution,  through  several
cycles  of adding cations  and  washing.
On  the  basis  of these  observations,  we  suggest
the  following  mechanism  for emptying.  The  con-
tractile  proteins  are  not water-extractable  under
our  conditions  when  dissociated.  It  is  necessary,
therefore,  to  treat  muscle  cell  segments  to  form
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